CD22ΔE12 has emerged as a driver lesion in the pathogenesis of pediatric B-lineage acute lymphoblastic leukemia (ALL) and a new molecular target for RNA therapeutics. Here we report a 43-gene CD22ΔE12 signature transcriptome that shows a striking representation in primary human leukemia cells from patients with relapsed BPL. Our data uniquely indicate that CD22ΔE12 is a candidate driver lesion responsible for the activation of MAPK and PI3-K pathways in aggressive forms of B-lineage ALL. We also show that the forced expression of a CD22 RNA trans-splicing molecule (RTM) markedly reduces the capacity of the leukemic stem cell fraction of CD22ΔE12 + B-lineage ALL cells to engraft and cause overt leukemia in NOD/SCID mice. We have successfully complexed our rationally designed lead CD22-RTM with PVBLG-8 to prepare a non-viral nanoscale formulation of CD22ΔE12-RTM with potent anti-cancer activity against CD22ΔE12 + B-lineage leukemia and lymphoma cells. CD22-RTM nanoparticles effectively delivered the CD22-RTM cargo into B-lineage ALL cells and exhibited significant anti-leukemic activity in vitro.
Introduction
Contemporary treatment strategies offer N80% long-term survival in pediatric B-lineage ALL (O'Leary et al., 2008) . However, the prognosis of relapsed B-lineage ALL is very poor (Gaynon et al., 2006; Pui et al., 2012) . New treatment strategies capable of improving the treatment outcomes of relapsed B-lineage ALL patients are urgently needed. Leukemic clones in aggressive forms of pediatric B-lineage ALL are characterized by CD22ΔE12, a genetic defect involving CD22, an inhibitory coreceptor of human BCP (Uckun et al., 2010 (Uckun et al., , 2014a (Uckun et al., , 2015a Ma et al., 2011) . The incidence of CD22ΔE12 is also high in adult aggressive B-lineage leukemias and lymphomas (Uckun et al., 2015a) . We have previously demonstrated that therapy-refractory clones in B-lineage ALL patients are CD22ΔE12
+ (Ma et al., 2011) . Notably, CD22ΔE12-transgenic (Tg) mice spontaneously develop B-lineage ALL which recapitulates the gene expression profile of CD22ΔE12 + human B-lineage ALL, establishing a causal relationship between CD22ΔE12 and B-lineage ALL and indicating that CD22ΔE12 is an oncogenic "driver lesion" sufficient for leukemogenesis (Uckun et al., 2014a) . Functional RNA interference experiments using CD22ΔE12-specific siRNA and its nanoscale formulations have confirmed the causal link between CD22ΔE12 and the stemness features as well as aggressiveness and drug resistance of B-lineage ALL cells (Uckun et al., 2014a (Uckun et al., ,2014b (Uckun et al., , 2015b . Our most recent preliminary studies have established that the "undruggable" CD22ΔE12 genetic defect can be repaired using RNA trans-splicing molecules (RTM) (Uckun et al., 2015a) . The aim of the current study was to further assess the antileukemic activity of CD22-RTM on clonogenic B-lineage ALL cells and to characterize a unique multi-functional nanoparticle (NP) of CD22-RTM as a novel anti-ALL nanomedicine candidate.
Materials and Methods

Bioinformatics and Statistical Analysis of Gene Expression Profiles
The Exon 12 Index values were calculated by subtracting the median centered expression values of the Exon 10-11 plus Exon 13-14 probes from the median centered expression values of the Exon 12 probes, as previously reported (Uckun et al., 2014a (Uckun et al., , 2015a . In order to determine the representation of the leading-edge genes of the CD22ΔE12 transcriptome in the transcriptome of primary leukemia cells from relapsed BPL patients, the RMA-normalized gene expression values for leukemia cells obtained from 49 BPL patients in relapse (GSE28460) were log 2 transformed and mean-centered to the average value for the 447 diagnosis samples (GSE11877, GSE13351, GSE28460, and GSE7440) for cluster visualization. To determine the differential expression of each leading edge gene of the CD22ΔE12 transcriptome in relapsed BPL cells, linear contrasts designed from a mixed ANOVA model using RMA normalized expression values were performed, as reported (Uckun et al., 2014a) .
Gene Expression Profiling of Murine BPL Cells and Gene Set Enrichment Analysis (GSEA)
Mouse leukemia cells were isolated from markedly enlarged spleens of CD22ΔE12-Tg, BCR-ABL-Tg or Eμ-MYC Tg mice, Splenocytes from wildtype healthy C57BL/6 mice served as controls. Gene expression values for splenocytes from WT healthy C57/BL/6 mice (N = 4), leukemia cells from CD22ΔE12-Tg mice (N = 2), leukemia cells from BCR-ABL Tg mice (N = 2), and leukemia cells from Eμ-MYC Tg mice (N = 2) were estimated from RMA normalization of signal values following hybridization to the Affymetrix Mouse Gene 1.0 ST Array (1,102,500 probes, 35,512 genes) (GSE58874 and GSE58872), as previously reported (Uckun et al., 2014a (Uckun et al., ,2014b . PM signal values for probesets were extracted utilizing raw CEL files matched with probe identifiers obtained from a CDF file (MoGene-1_0-st-v1, r3.cdf obtained from http://www.aromaproject.org/vignettes/GeneSTArrayAnalysis) implemented by Aroma Affymetrix statistical packages run in the R-studio environment (Version 0.97.551, R-studio Inc., running with R 3.01). The PM signals were quantified using Robust Multiarray Analysis (RMA), as previously reported (Uckun et al., 2014a (Uckun et al., ,2014b . T-values greater than 5 (2035 genes) or less than −5 (1973 genes) of log 2 gene expression differences between BPL cells from CD22ΔE12-Tg mice (N = 2) vs. other cells (N = 8; pooled data on wildtype normal splenocytes and BPL cells from BCR-ABL Tg or Eμ-MYC Tg mice) were visualized using a one-way hierarchical cluster figure to organize similar expression profiles of genes across the samples. Transcript cluster annotations for the mouse array were obtained from the NetAffx website (http://www.affymetrix.com/Auth/analysis/ downloads/na33/wtgene-32_2/MoGene-1_0-st-v1.na33.2.mm9. transcript.csv.zip). In order to determine a CD22ΔE12-specific gene expression signature, the expression levels for differentially expressed genes were compared for BPL cells from CD22ΔE12-Tg mice versus splenocytes from WT mice, BPL cells from CD22ΔE12-Tg versus Eμ-MYC Tg mice and BPL cells from CD22ΔE12-Tg versus BCR-ABL Tg mice using Student's T-tests (unequal variance correction). T-and P-values were obtained for further processing in the GSEA (accession nos. GSE 58872 and 58874).
We used 3 archived gene expression profiling datasets (i.e., GSE13159, GSE1187, and GSE13351) and log 2 -transformed RMA normalized gene expression values (Assay Platform: Human Genome U133 Plus 2.0 Array) on primary leukemia cells from newly diagnosed pediatric ALL patients to perform pairwise correlations of the Exon 12 Index for each sample and signaling pathway-linked probesets for 3 cytogenetically defined high-risk BPL subsets (N = 279) -Ph Correlation coefficients (r) were determined between CD22 Exon 12 expression and each of the probesets for GSEA. Rank-ordered correlation coefficients were processed for enrichment of the signaling pathway (viz.: MAPK pathway, PI3-K pathway, WNT pathway) -linked gene sets obtained from the Reactome Database (c2.cp.reactome.v4.0.symbols deposited in database on broadinstitute.org servers) using a supervised approach implemented in GSEA2.08 (Broad Institute). Significance of association was assessed using weighted Kolmogorov-Smirnov statistics. The GSEA evaluated the significance of the over-representation of probesets correlated or anti-correlated with CD22 Exon 12 Index values by calculating the enrichment score (ES) values representing the difference between the observed rankings from the expected null. The null distribution assumed a random rank distribution utilizing an empirical permutation test procedure that randomly assigned probeset names to the rank ordered differences in expression ("GSEA Preranked" algorithm). Leading edge genes were identified up to and including the peak of the ES profile. Nominal P-values were computed by comparing the tails of the ES scores for observed and permutation-generated null distributions following 1000 permutations. The T-values of the gene expression differences between CD22ΔE12-Tg BPL cells and other cells were processed for enrichment using gene sets obtained from the Reactome Database (c2.cp.reactome.v4.0.symbols deposited in database on broadinstitute.org servers) using a supervised approach implemented in GSEA2.08 (Broad Institute), as described (Uckun et al., 2014b for GSEA enrichment scores for expression changes in mouse and human transcriptomes were combined using the Fisher's method to determine the significance of the representation of signaling pathway genes in both human and mouse BPL cells (combined P-value) (Uckun et al., 2014b) .
Phosphoproteome Analysis Using Antibody Microarrays
The phosphoproteome analyses were performed as previously described in detail (Uckun et al., 2014a) . Data were normalized utilizing the median intensity values for the 1318 antibodies on each array (normalized data = average signal intensity of replicate spots/median signal). The normalized data were log 10 transformed and mean centered to the WT samples (N = 4, 2 technical replicates for each of 2 samples) (GSE58873 and GSE 58874). Fig. 1 . CD22ΔE12 signature transcriptome in human and mouse BPL cells. Depicted are GSE plots comparing the human vs. mouse CD22ΔE12 signature transcriptomes in BPL cells. Rankordered correlation coefficients (y-axis expression of each probeset plotted against CD22 Exon 12 Index on the x-axis) were processed for enrichment of the signaling pathway-linked gene sets obtained from the Reactome Database (c2.cp.reactome.v4.0.symbols deposited in database on broadinstitute.org servers) using a supervised approach implemented in GSEA2.08 (Broad Institute). Probesets for (i) "MAPK targets/nuclear events mediated by MAP kinases" pathway (panel A), (ii) MAPK pathway (panel B), (iii) PI3-K/mTOR activation pathway (panel C), and (iv) WNT pathway (panel D) negatively correlated with Exon 12 transcript levels in human BPL samples from high-risk ALL patients indicating that the transcripts were differentially upregulated upon loss of CD22 Exon 12 (enrichment observed towards the negative correlation coefficient values). The mouse homologs of these genes were also upregulated in murine BPL cells derived from CD22ΔE12-Tg mice (enrichment observed towards negative T-values depicting genes downregulated in WT/BCR-ABL/Eμ-MYC Tg mice). Nominal P-values for GSEA enrichment scores for expression change in mouse and human transcriptomes were combined using Fisher's method to determine the significance of the representation of the pathway in both human and mouse cells (combined P-value).
Leukemia Cells
Deidentified xenograft clones from 2 relapsed B-lineage ALL patients were used in this study. The secondary use of these clones did not meet the definition of human subject research per 45 CFR 46.102 (d and f) and the IRB (CCI) at the Children's Hospital Los Angeles (CHLA) approved our research. In addition, the B-lineage ALL cell lines ALL-1 and RAJI (B-ALL/Burkitt's leukemia) were used in some of the experiments.
2.5. Construction of the CD22 RNA-trans-splicing Molecule (RTM) Transfection of ALL Xenograft Cells from Relapsed B-lineage ALL Patients With CD22-RTM The CD22-RTM was designed to replace the mutated segment of CD22 intron 12 and downstream portion of the CD22ΔE12 gene with mutation-free wildtype CD22 Exons 10-14 (Uckun et al., 2015a) . We have constructed a plasmid that expresses an RTM with a rationally designed anti-sense binding domain (also known as the trans-splicing region or TSR) targeting a 60-nt complementary non-coding region close to the 5′ splice site of CD22 Intron 9 that confers specificity by tethering the RTM to its target pre-mRNA (Uckun et al., 2015a) . B-lineage ALL xenograft cells were transfected with the CD22-RTM plasmid using standard procedures, which were previously described in detail (Uckun et al., 2015a) . As in earlier work, untransfected cells, cells transfected with an empty control plasmid (EPL) as well as cells transfected with a dystrophin-RTM plasmid were used as controls (Uckun et al., 2015a) . Transfection and transsplicing in leukemia cells were confirmed by using RT-PCR as reported (Uckun et al., 2015a ).
NOD/SCID (NS) Mouse Xenograft Model of Human B-lineage ALL
The anti-leukemic activity of CD22-RTM against leukemic stem cells was studied in a previously published NS mouse xenograft model of human B-lineage ALL (Uckun et al., 2013 (Uckun et al., , 2015b (Uckun et al., ,2015c . The research was approved by the IACUC of CHLA. Our standard animal care procedures were previously reported (Uckun et al., 2015d . In 2 independent experiments, we examined the effects of CD22-RTM on the leukemia-initiating cells of the xenograft clones. Controls included untransfected cells. Immediately after transfection, cells were injected into NS mice. NS mice (6-8 weeks old, female, same age in all cohorts in each independent experiment) were inoculated intravenously (i.v) with CD22-RTM transfected B-lineage ALL xenograft cells (2 × 10 6 leukemia cells in 0.2 mL PBS). Mice were monitored daily and electively euthanized by CO 2 asphyxia when any mouse developed morbidity. We compared the spleen size and nucleated spleen cell counts of mice according to the leukemia cells they were inoculated with. Spleens of mice were removed and measured, and cell suspensions were prepared for determination of mononuclear cell counts. For multiple group comparisons, significant treatment effects were determined using linear contrasts for all pairwise comparisons defined by an ANOVA model with one fixed factor for treatment (6 comparisons for a model consisting of 4 treatment groups: untransfected cells (N = 5), cells transfected with CD22-RTM (N = 17), EPL (N = 17), or Dystrophin-RTM (N = 5)). Two separate models were constructed for spleen size and log 10 transformed nucleated spleen cell counts using previously published standard procedures (Uckun et al., 2013 (Uckun et al., , 2015c . Comparisons of 2 treatment groups (pooled controls (N = 27) versus CD22-RTM treated (N = 17)) were performed using a two-tailed T-test. Contingency analysis compared the proportion of mice with splenomegaly (spleen size N 3 cm) and a high nucleated spleen cell count (N 150 million nucleated cells/spleen) in pooled control versus CD22-RTM treated groups.
Preparation and Characterization of CD22-RTM Nanoparticles
PVBLG-8, a helical, cationic polypeptide, was prepared, as previously reported (Yin et al., 2013a (Yin et al., ,2013b Zheng et al., 2014; Uckun et al., 2014a) . CD22-RTM was complexed with PVBLG-8 at a 1:10 weight ratio to form the NPs. Control NP were prepared with a luciferase encoding control plasmid (pLuc), Dystrophin-RTM plasmid, and empty plasmid (EPL). Size measurement by the dynamic light scattering (DLS) method and Zeta potential analyses were performed using a Malvern Zetasizer, as previously reported (Uckun et al., 2013; Yin et al., 2013b) . Transmission electron microscopy (TEM) was performed using published procedures (Uckun et al., 2013; Yin et al., 2013b) . CD22-RTM condensation by PVBLG-8 at a PVBLG-8/CD22-RTM weight ratio of 10:1 was evaluated by a gel retardation assay, as previously reported (Zheng et al., 2014 (Zheng et al., , 2015 . For the CD22-RTM + serum or PVBLG-8/CD22-RTM + serum conditions, CD22-RTM or PVBLG-8/ CD22-RTM were incubated with fetal bovine serum for 2 h at 37°C, respectively. For PVBLG-8/CD22-RTM + serum/heparin, after incubation with serum, a 10-fold excess of heparin was added to remove the CD22-RTM from the NP. In order to perform a flow cytometric analysis of the cellular delivery of fluorescent-labeled CD22-RTM by PVBLG-8/ CD22-RTM NP, CD22-RTM DNA was labeled with YOYO1 and YOYO1-CD22 RTM was complexed with PVBLG-8 to form the NP using previously published methods (Zheng et al., 2014 (Zheng et al., , 2015 . Unformulated YOYO1-CD22 RTM vs. PVBLG-8/YOYO1-CD22 RTM NP were incubated with CD22ΔE12 + RAJI or ALL-1 (BCR-ABL + B-lineage ALL) cells (0.5 μg DNA/sample) for 4 h. After 2 washes with heparin-supplemented PBS to remove the NP attached to the membrane of leukemia cells, cells were fixed with paraformaldehyde (4%, 100 μL) and analyzed for cell-associated fluorescence due to internalized YOYO1-CD22 RTM using flow cytometry. To evaluate the ability of CD22-RTM NP to cause transfection and trans-splicing in CD22ΔE12 + B-lineage leukemia cells, the difficult to transfect RAJI cells in 1 mL culture medium were incubated for 4 h at 37°C with PVBLG-8 (50 μg)/CD22-RTM (5 μg), PVBLG-8 (50 μg)/Dystrophin-RTM (5 μg), or PVBLG-8 (50 μg)/ empty plasmid (EPL) (5 μg). Cells were washed twice and then cultured in RPMI + 10% FBS for 48 h at 37°C/5% CO 2 . Total RNA was extracted from the 48 h samples and subjected to RT-PCR analysis as described above and outlined in the figure legends. The anti-leukemic activity of the CD22-RTM against RAJI cells was evaluated using MTT assays to assess cell viability. The CD22-RTM NP delivers expression plasmids that encode CD22-RTM. Upon delivery to the nucleus, the plasmid's CMV promoter drives expression of the RTM as RNA. If normal or mutant CD22 pre-mRNA is present in the cell, the RTM binding domain can base-pair with its complementary region in CD22 intron 9. The 3′ splice site carried by the RTM can recruit splicing factors (such as U2 and U2AF) to bind to the RTM. These factors can interact and begin the splicing process in trans -with other splicing factors (such as U1) that are bound to the 5′ splice site of the endogenous CD22 intron 9, thereby replacing the entire sequence of endogenous CD22, beginning with intron 9 and including Exon 14 as well as the 3′ UTR, with the exogenous sequence of CD22 EXONs 10 through 14 provided by the RTM. Each trans-spliced molecule of CD22ΔE12 premRNA is converted or reprogrammed to encode normal CD22 mRNA. Therefore, the reduction in the amount of CD22ΔE12 mRNA is directly proportionate to the number of mutant pre-mRNA molecules transspliced. The total amount of trans-spliced CD22 mRNAs includes both the number of mutant and normal CD22 pre-mRNAs that are transspliced. Our RTM will trans-splice into both mutant and normal CD22 pre-mRNA, with the result that the mutant is corrected to encode a normal CD22 sequence, while the normal is trans-spliced into normal, although both forms will be tagged with the 3′ UTR sequence of the RTM. The net effect on the leukemic phenotype should correlate with the amount that the mutant leukemogenic CD22ΔE12 mRNA expression is reduced. (Hogan et al., 2011) . Likewise, constitutive activation of the phosphatidylinositol 3-kinase (PI3-K), Akt and the mammalian target of rapamycin (mTOR) (PI3-K/Akt/mTOR) network is a characteristic feature of aggressive BPL cells (Badura et al., 2013; Neri et al., 2013) . However, the driver lesion that causes these transcriptome changes in aggressive BPL cells has remained elusive. The GSEA of primary leukemia cells from 279 cytogenetically defined high-risk BPL patients and normal hematopoietic cells in 74 control samples showed that the expression of genes related to MAPK, PI3-K/mTOR, and WNT pathways was differentially upregulated upon the loss of the CD22 Exon 12 (Fig. 1) . Gene expression profiling and GSEA revealed differential upregulation of the mouse homologs of these genes in BPL cells from CD22ΔE12-Tg mice -but not in BPL cells from Eμ-MYC Tg or BCR-ABL Tg mice -closely mimicking the transcriptome of primary leukemia cells from high-risk BPL patients (Figs. 1, 2A ). We identified a CD22ΔE12 signature transcriptome based on the significantly affected expression values of the leading edge genes from the GSEA by comparing CD22ΔE12-Tg BPL cells with BPL cells from Eμ-MYC Tg or BCR-ABL Tg mice as well as wildtype splenocytes ( Fig. 2A) : T-tests documented that 49 probesets representing 43 signaling pathway genes in MAPK, PI3-K and WNT signaling networks were significantly upregulated in CD22ΔE12-Tg mice (P b 0.05) (Fig. 2B) . A comparative proteomic profiling with phosphoprotein antibody arrays demonstrated that 37 phosphoproteins in MAPK and PI3-K signaling networks were uniquely overexpressed in CD22ΔE12-Tg BPL cells ( Fig. 3; GSE58873 and GSE58874 ). These changes collectively demonstrate that the regulation of multiple signaling networks is corrupted in CD22ΔE12-Tg BPL cells. We next examined the representation of the unique CD22ΔE12 signature transcriptome in primary cancer cells from patients with relapsed BPL by comparing the gene expression profiles of primary leukemia cells from 447 newly diagnosed BPL patients vs. primary leukemia cells from 49 relapsed BPL patients using a mixed model ANOVA. Notably, there was a significant overall increase in expression of 110 probesets in aggressive BPL cells from relapsed BPL patients (F 1,494 = 68.7, P b 0.0001) (Fig. 4) . Our findings indicate that the CD22ΔE12 genetic defect is the likely genetic cause for the activation of MAPK, PI3-K/mTOR and WNT pathways in primary leukemia cells from relapsed BPL patients. CD22ΔE12 may therefore have clinical utility as a molecular biomarker of aggressive relapse clones in high-risk BPL patients and a potential molecular target for more effective treatment of poor prognosis B-lineage ALL.
Results
CD22ΔE12-Driven
Effects of CD22-RTM Mediated Trans-splicing on In Vivo Clonogenic CD22ΔE12 + B-lineage Leukemia Cells
We recently demonstrated that transfection of BPL cells with CD22-RTM causes selective depletion of the CD22ΔE12-mRNA and clonogenic death in vitro (Uckun et al., 2015a) . These promising results prompted us to examine the anti-leukemic potency of CD22-RTM mediated trans-splicing against the leukemia-initiating cells (LIC) (i.e., putative "leukemic stem cell fraction") of chemotherapy-resistant aggressive xenograft clones from 2 patients with relapsed B-lineage ALL. Xenograft clones were transfected with CD22-RTM, Dystrophin-RTM (negative control), or empty plasmid (EPL, another negative control). RT-PCR assays performed 48 h after transfection confirmed successful transfection and trans-splicing in xenograft cells (Fig. 5A-C) . Immediately after transfection, an aliquot of xenograft cells was injected into NS mice. All of the 27 control mice injected with untransfected (N = 5), EPLtransfected (N = 17), or Dystrophin-RTM transfected xenograft cells . Expression values for each probeset were standardized across the 10 samples and differences in expression were visualized using a one-way hierarchical cluster figure to organize similar expression profiles of genes across the samples. Heat map depicts up-and downregulated transcripts ranging from red to blue respectively and clustered according to average distance metric (panel A). We determined a unique CD22ΔE12 signature transcriptome from significantly affected expression values comparing CD22ΔE12 Tg BPL cells with BPL cells from Eμ-MYC Tg or BCR-ABL Tg mice as well as WT splenocytes. T-tests documented that 49 probesets representing 43 signaling pathway genes in MAPK, PI3-K and WNT signaling networks were significantly upregulated in CD22ΔE12-Tg mice (P b 0.05).
(N = 5) invariably developed fatal leukemia between 57 and 58 days. Necropsy revealed massive (N3 cm) splenomegaly at the time of death in 26 of these 27 mice ( Fig. 5D-F) . In contrast, only 3 of 17 NS mice developed overt leukemia within the same time frame after reinjection with CD22-RTM transfected xenograft cells (2-Tailed Fisher's exact, P b 0.0001). The spleens of the control mice injected with untransfected xenograft cells were very large (3.3 ± 0.1 cm) with a very high leukemia burden (622 ± 110 × 10 6 cells/spleen) (Fig. 5D) .
Likewise, the spleens were large and contained large numbers of leukemia cells (3.3 ± 0.1 cm/562 ± 40 × 10 6 cells and 3.2 ± 0.1 cm/335 ± 41 × 10 6 cells, respectively) in control mice injected with xenograft cells that were transfected with an irrelevant RTM (viz.: Dystrophin-RTM) or EPL (Fig. 5E ). For the entire group of 27 control mice, the mean ± SEM values for the spleen size and leukemia burden were 3.3 ± 0.1 cm and 430 ± 41 × 10 6 cells/spleen, respectively. In contrast to the control mice, the spleens of the 17 test mice injected with CD22-RTM transfected xenograft cells had a significantly smaller size (2.3 ± 0.1 cm, P-value b 0.0001) and leukemia burden (110 ± 21 × 10 6 cells/spleen, P-value b 0.0001), respectively (Fig. 5D &E) .
While 26 of the 27 control mice had very high (N 150 × 10 6 cells/spleen) nucleated spleen cell counts consistent with their large leukemia burden, only 4 of the 17 mice inoculated with CD22-RTM transfected xenograft cells had such high nucleated spleen cell counts (2-Tailed Fisher's exact, P b 0.0001). Thus, transfection with CD22-RTM markedly reduced the in vivo clonogenicity of the leukemic stem cell fraction of CD22ΔE12 + B-lineage ALL cells.
Development and Characterization of a Polypeptide-based CD22-RTM Nanoparticle Formulation as an Anti-leukemic Precision Nanomedicine
We have successfully complexed CD22-RTM with PVBLG-8 at a PVBLG-8/RTM weight ratio of 10:1 to prepare a nanoparticle (NP) formulation capable of delivering CD22-RTM to B-lineage ALL cells (Fig. 6) . The generated PVBLG-8/CD22-RTM nanoparticles had a diameter of 105 nm, as determined by dynamic light scattering (DLS) and confirmed by transmission electron microscopy (TEM) (Fig. 6A) , and a positive surface charge with a Zeta potential of 39.4 mV in solution (Fig. 6B) . The capacity of the cationic PVBLG-8 to condense CD22-RTM plasmid DNA was first evaluated using the gel retardation assay, as previously reported (Zheng et al., 2015) . As shown in Fig. 6C , DNA migration in the 1% agarose gel was completely restricted to the loading well, indicating complete condensation of the CD22-RTM by the positively charged PVBLG-8. Furthermore, while the naked RTM DNA rapidly degraded in the presence of serum, the formulated CD22-RTM did not (compare RTM + serum vs. PVBLG-8/RTM + serum). The NP formulation effectively delivered CD22-RTM into leukemia cells (Fig. 6D) , effectively triggered trans-splicing (Fig. 6E) , and exhibited anti-leukemic activity, as documented by loss of leukemic cell viability within 48 h after a 4 h incubation period with the NP (Fig. 6F) . (Zheng et al., 2014) . For the CD22-RTM + serum or PVBLG-8/CD22-RTM + serum conditions, CD22-RTM or PVBLG-8/CD22-RTM was incubated with serum for 2 h at 37°C, respectively. For PVBLG-8/CD22-RTM + serum/heparin, after incubation with serum, a 10-fold excess heparin was added to remove the CD22-RTM from the NP. (D) Flow cytometric analysis of the cellular delivery of fluorescent-labeled CD22-RTM by PVBLG-8/CD22-RTM NP. Unformulated YOYO1-CD22 RTM vs. PVBLG-8/YOYO1-CD22 RTM NP were incubated with CD22ΔE12 + RAJI (Burkitt's lymphoma/leukemia) or ALL-1 (BCR-ABL + B-lineage ALL) cells (0.5 μg DNA/sample) for 4 h. After 2 washes with heparin-containing PBS to remove membrane-bound NP, cells were fixed with paraformaldehyde (4%, 100 μL) and analyzed for cell-associated fluorescence caused by internalized YOYO1-CD22 RTM using flow cytometry. Markedly improved CD22-RTM delivery to RAJI and ALL-1 cells was confirmed for the NP formulation by the higher cell-associated fluorescence intensity in samples incubated with PVBLG-8/YOYO1-CD22 RTM vs. unformulated YOYO1-CD22 RTM. RTM: in this figure, abbreviation for CD22-RTM. (E) RAJI cells in 1 mL culture medium were incubated for 4 h at 37°C with PVBLG-8 (50 μg)/CD22-RTM (5 μg), PVBLG-8 (50 μg)/Dystrophin-RTM (5 μg), or PVBLG-8 (50 μg)/empty plasmid (EPL) (5 μg). Cells were washed twice and then cultured in RPMI + 10% FBS for 48 h at 37°C/5% CO 2 . Total RNA was extracted from the 48 h samples and subjected to RT-PCR analysis. Depicted is an agarose gel that shows the RT-PCR evidence for successful transfection and transsplicing, as described in the legend of 
Discussion
We are reporting that the CD22ΔE12 genetic defect is the likely genetic cause for the activation of MAPK, PI3-K/m-TOR and WNT pathways in primary leukemia cells from relapsed BPL patients. These pathways have been associated with chemotherapy resistance and aggressiveness of BPL cells. By comparing CD22ΔE12-Tg BPL cells with BPL cells from Eμ-MYC Tg or BCR-ABL Tg mice as well as wildtype splenocytes, we have identified a unique 43-gene CD22ΔE12 signature transcriptome that showed a striking representation in primary human leukemia cells from patients with relapsed BPL. CD22ΔE12 may therefore have clinical utility as a molecular biomarker of aggressive relapse clones in high-risk BPL patients and a potential molecular target for more effective treatment of poor prognosis B-lineage ALL.
RNA trans-splicing has been used to repair several mutant genes linked to human disease (Tahara et al., 2004; Mitchell and McGarrity, 2005; He et al., 2015) . We have also documented CD22ΔE12 as an oncogenic driver lesion and an undruggable molecular target in aggressive B-lineage leukemia cells (Uckun et al., 2014a (Uckun et al., ,2014b (Uckun et al., , 2015a (Uckun et al., ,2015b . Our CD22-RTM was designed to replace the mutated segment of CD22 intron 12 and the downstream portion of the CD22ΔE12 gene with mutation-free wildtype CD22 Exons 10-14 (Uckun et al., 2015a ). Here we show that the forced expression of the CD22-RTM markedly reduces the in vivo clonogenicity of the leukemic stem cell fraction of CD22ΔE12 + B-lineage ALL cells.
We have recently developed a highly efficient nucleic acid delivery platform based on a class of rationally designed cell-penetrating cationic helical polypeptides (Lu et al., 2011; Gabrielson et al., 2012; Yin et al., 2013a Yin et al., ,2013b Uckun et al., 2014a; Zheng et al., 2014) . These polypeptide-based novel nanomaterials exhibit unprecedented thermodynamic and physicochemical stability and unique biological properties with exceptional endosomal escape and nucleic acid delivery efficiency. The high molecular weight, cationic, α-helical polypeptide PVBLG-8 was identified as the top-performing peptide for nucleic acid delivery in vivo with favorable safety, biocompatibility, PK, and biodistribution profiles (Yin et al., 2013a (Yin et al., ,2013b Zheng et al., 2014) . We have successfully complexed our rationally designed lead CD22-RTM with PVBLG-8 to prepare a "non-viral" nanoscale formulation of CD22-RTM with potent anti-cancer activity against CD22ΔE12 Blineage leukemia and lymphoma cells. CD22-RTM nanoparticles effectively delivered the CD22-RTM cargo into B-lineage ALL cells and exhibited significant anti-leukemic activity in vitro.
The focus of our future preclinical proof of concept studies in animal models of B-lineage ALL studies will be a stepwise evaluation of the safety, biocompatibility, pharmacodynamics features, and efficacy of this polypeptide-based nanoscale formulation of CD22-RTM. We aim to establish spliceosome-mediated RNA trans-splicing using polypeptide-based multifunctional nanoparticles of the CD22-RTM as a therapeutic innovation to treat chemotherapy-resistant B-lineage ALL. Therapeutic nanoformulations containing CD22-RTM may facilitate the development of effective treatments for patients with relapsed B-lineage ALL. The CD22-RTM technology is applicable to all B-lineage ALL patients both high risk and standard risk. That is because CD22ΔE12 is a characteristic feature of leukemic clones that escape chemotherapy and cause relapse in both high risk and low risk subgroups of patients. The technology therefore has the potential (i) for prevention of relapses by selectively killing the clones that are most likely to escape chemotherapy and cause relapse as well as (ii) for treatment of relapses in ALL.
Author Contributions
All authors have made significant contributions. All authors reviewed and revised the paper. F.M.U. was the NIH-funded Principal Investigator who designed, directed and supervised this study and wrote the initial draft of the manuscript. F.M.U., L.G.M., S.Q., H.M. and J.C. have equally contributed to the work. Z.S., N.Z., Y.L. and J.C. prepared the polypeptide-based nanoformulation of CD22-RTM. L.G.M. designed CD22-RTM. Z.S., N.Z., Y.L., H.M., D.E.M. and F.M.U. evaluated effects of CD22-RTM and its nanoformulation on leukemia cells. S.Q. performed the statistical analyses.
